Silicon oxynitride (SiO x N y :H) layers were grown from 2%SiH 4 /N 2 and N 2 O gas mixtures by plasma-enhanced chemical vapor deposition (PECVD). Layer properties such as refractive index, deposition rate, thickness non-uniformity and hydrogen bond content were correlated to the relevant deposition parameters including radio frequency power, chamber pressure, total gas flow, substrate temperature and N 2 O/SiH 4 gas flow ratio. As a result, optimized SiO x N y :H layers could be produced over a wide index range (1.46-1.70) with good thickness uniformity and sufficiently high deposition rate. With a refraction index non-uniformity b5 × 10 − 4 a thickness non-uniformity could be obtained below 1% over a 70 × 70 mm 2 area of a 100 mm wafer at a deposition rate N 50 nm/min. The material composition and the optical properties of the SiO x N y :H layers were characterized by spectroscopic ellipsometry, X-ray Photoelectron Spectroscopy, Fourier Transform Infrared spectroscopy and prism coupler techniques. A simple atomic valence model is found to describe the measured atomic concentrations for PECVD silicon oxynitride layers.
Introduction
In recent years, increasing attention has been paid to silicon based dielectrics such as silicon oxynitride (SiO x N y :H or shortly SiON) as a promising material for densely integrated optics [1] [2] [3] [4] [5] . This is mainly due to the possibility of obtaining high refractive index (n) contrast waveguiding structures for a broad wavelength range from visible to IR by changing the nitrogen/oxygen composition from SiO 2 (n = 1.46) to Si 3 N 4 (n = 2.0). In practice preferentially use is made of plasmaenhanced chemical vapor deposition (PECVD) as it allows for relatively high deposition rates at low temperatures (b 400°C). The PECVD SiO x N y :H layers are mostly grown from nitrous oxide (N 2 O) and silane (SiH 4 /N 2 ) with optional an addition of ammonia (NH 3 ). In the present study a relation is established between the layer properties and the deposition process parameters. We will restrict ourselves to high frequency excitation of the plasma and, mainly because of its lower complexity [6] , to the N 2 O-SiH 4 /N 2 system. For integrated optics applications, the uniformity and reproducibility of the refractive index and the thickness of the layers are highly important parameters. The structural and optical properties, like the index and loss, of the PECVD SiO x N y :H layers are strongly dependent on the layer composition [7] . This, in turn can be controlled by the parameters of the PECVD process, like the flow rate and the ratio of the process gases, the chamber pressure, the radio frequency (RF) power and the substrate temperature. A serious drawback of the chosen deposition process is the incorporation of undesirable N-H and Si-H bonds in the layers [2, [4] [5] [6] , which significantly increase the optical loss in the spectral region of interest for telecom applications [2, 4, 5, [8] [9] [10] .
In this work, we focus on the correlation between the deposition parameters and the PECVD SiO x N y :H layer properties, in order to identify those trends which lead to materials properties optimized for integrated optics applications. Based on the optimized deposition parameters, a series of layers with a broad range of refractive index between 1.48 and 1.66 has been fabricated. The optical and compositional properties of this series of SiON samples have been characterized by spectroscopic ellipsometry, X-ray Photoelectron Spectroscopy (XPS), Fourier Transform Infrared (FTIR) spectroscopy and prism coupler techniques.
Experimental details
Silicon oxynitride layers have been deposited with an Oxford Plasmalab System 133 PECVD reactor. It consists of a process chamber in which two parallel plate electrodes of 210 mm diameter are placed horizontally with a spacing of 20 mm. The upper electrode is powered at a frequency of 13.56 MHz, via an automatic matching unit, which matches the impedance of the generator to that of the process chamber to ensure maximum power transfer. The upper electrode is also functioning as a showerhead for the gas inlet. The system is integrated with a load-lock wafer transporter, allowing fast system pump-down.
All layers were deposited on p-type b 100 N oriented 100 mm silicon wafers. In order to determine the optimum processing parameters for the SiON deposition process, the following set of input parameters has been established after a preliminary study:
-RF power: 20 W -Chamber pressure: 120 Pa -Total gas flow: 2500 sccm -Substrate temperature: 300°C -Gas flow ratio: 54 for N 2 O/SiH 4 (calculated from the flow rates of N 2 O and the 2%SiH 4 /N 2 mixture).
Thereafter a systematic variation of the parameters has been made within the parameter window given in Table 1 . This study, which should result in a better understanding of the principal effects and the contribution of each parameter to the layer properties, was carried out according to Pearson's correlation method [11] .
In order to allow high accuracy of all measurement, the layer properties have been optimized for each of the characterization techniques. The layer thickness (d) and the index of refraction n have been determined by spectroscopic ellipsometry (Woollam M44) on approximately 250 nm thin layers directly deposited on silicon wafers. The measurement error is approximately 2 × 10 − 3 in refractive index and 0.1% in layer thickness. The thickness non-uniformity (δd) and refractive index non-uniformity (Δn), which have been measured by single-wavelength ellipsometry (Plasmos 2000) , are given by the half difference between maximum and minimum deviation of the thickness and refractive index values measured over a 70 × 70 mm 2 area with a 15 × 15 points grid on the 100 mm wafers. In order to obtain higher precision for n, also prism coupling measurements were performed with an accuracy better than 6 × 10 − 4 . The XPS measurements were carried out with a PHI Quantera Scanning ESCA (Electron Spectroscopy for Chemical Analysis) Microprobe. A monochromatic Al X-ray source (hν = 1486.6 eV) at 26.4 W was used, with a beam diameter of 100 μm and a 45°t ake-off angle. High resolution spectra were acquired using pass energy of 112 eV and a step size of 0.1 eV. The total pressure in the main chamber during analysis was 1.6 × 10 − 10 Pa. The spectrometer was calibrated using the Au 4f 7/2 peak position at 84.00 eV. The samples were analyzed after 6 min (∼70 nm in depth) sputtering by Argon ions beam accelerated at 3 keV and beam current of 15 nA. None of the sample was affected by charging effect. The atomic concentration values of the layers were calculated from the ratio of the experimental core level areas with PHI Multipak software version 8 (Physical Electronics, 2003) using factory calibrated values for the sensitivity factors of the respective elements (0.368, 0.733 and 0.499 for Si 2p, O 1s and N 1s respectively). For a detailed analysis of the chemical state of the elements within the layers, the corelevel spectra were deconvolved revealing the contribution of different chemical environments. The XPS peaks were fitted by Gaussian-Lorentzian functions.
The bonding configuration and the hydrogen concentration were determined with a Digilab FTS-575C FTIR spectrometer with 1200 nm thick layers directly deposited onto the silicon substrates. The measurements were carried out at room temperature in a nitrogen atmosphere by infrared transmission through the deposited layer and the silicon substrate with a resolution of 4 cm − 1 . The background has been subtracted by using an uncoated silicon substrate as reference. The hydrogen concentration of the layers was evaluated from the IR peak area of the N-H and Si-H peak applying the calibration factors from Lanford and Rand [12] .
For optical loss measurements, all layers have been deposited on thermally oxidized silicon wafers. The thickness of the thermal oxide has been chosen sufficiently thick (∼ 3.2 μm) so that the silicon substrate does not influence the modes. The measurements were performed on the fundamental mode using the sliding prism method [13] with an accuracy of approximately 0.2 dB/cm.
Results and discussion

Deposition mechanism
In the deposition chamber, electrons in the plasma gain energy by the RF electric field. These energetic electrons then transfer their energy to gas molecules by electron-impact collisions, resulting in molecular excitation, dissociation, and ionization. In this way, highly reactive chemical species are produced that enable deposition of films at low temperatures.
The deposition mechanisms for a PECVD process can be considered to consist of five major steps [14, 15] :
Step 1 includes the primary initial electron-impact reactions between electrons and reactant gases to form ions and radical reactive species. The electron-impact ionization and dissociation of silane and nitrous oxide molecules can be written by the following equations [14, 16] :
Step 2 is dealing with the gas phase reaction and transport of the reactive species by diffusion to the wafer surface. The complex electro-chemical reactions which take place during the plasma deposition do not allow a detailed description. Instead we will focus on the gas molecules dissociation when utilizing N 2 O and SiH 4 /N 2 gaseous mixtures and describe the most favorable chemical reactions. The plasma contains SiH m , O and N radicals, which can react to form energetically favorable bonds.
According to Table 2 [17], the most favorable chemical reaction is between SiH m and O radicals leading to the formation of Si-O bonds. Thus, for large N 2 O:SiH 4 /N 2 flow ratios with an excess of O radicals in comparison with SiH m radicals, only Si-O bonds will be formed. For decreasing flow ratios, the number of SiH m radicals per O radical will increase, leading to oxygen deficiency, and thus to appearance of Si-N and Si-H bonds in the layers. However, decreasing the flow ratio even further leads to a deficiency of both oxygen and nitrogen radicals. Thus, homonuclear SiH m reactions become favorite leading to silicon rich SiO x N y :H [18] .
Step 3 is the adsorption of reactive species on wafer surface sites. There they can react with surface atoms or with other adsorbed species. The chemical reactions at the surface can be enhanced by ion bombardment. The coexistence of Si-H, N-H and Si-OH bonds offer the possibility for eliminating H 2 and H 2 O [19, 20] . In this way additional Si-N, Si-Si and Si-O-Si can be formed on the surface through the following reactions [20, 21] :
Step 4 takes into account the surface diffusion of the adsorbed species and reaction products. By diffusion nuclei will form islands and islands will merge to form a continuous thin film.
Step 5, finally, deals with desorption of the volatile reaction products, such as H 2 and H 2 O vapor. Gaseous byproducts diffuse and flow out of the reactor.
Process optimization by correlation analysis
The objective of our investigation is to optimize the PECVD SiON deposition process over a wide index range (1.46-1.7) to arrive at layers with thickness uniformity within 1% and a deposition rate sufficiently high for technical applications (N 50 nm/min). All layers have shown excellent refractive index in-homogeneity (Δn) below 2 × 10 − 3 , the accuracy of the scanning ellipsometer. Measurement by prism coupling of similar layers revealed a typical value of 5 × 10 − 4 (see also Ref. [4] ). Pearson's correlation method is used to arrive at a detailed understanding of the deposition process leading eventually to optimized layers. In this section an overview is given of the experiments needed for the correlation analysis.
This analysis is carried out by changing systematically the process parameters of Table 1 and observing the influence on the refractive index (n), deposition rate (R) and thickness nonuniformity (δd) of the layers. Table 3 shows the resulting correlations with range between − 1.00 to + 1.00. A value − 1.00 represents a perfect negative correlation for two variables, while +1.00 represents a perfect positive correlation. A value of 0.00 represents a total lack of correlation [11] .
From the correlation results (Table 3 ) the following conclusions can be drawn:
• The RF power, the pressure and the total gas flow have a significant effect on the layer properties (n, R and δd). The N 2 O/SiH 4 gas flow ratio has only a weak influence on δd and significant effect on n and R. The substrate temperature has only a minor effect to the layer properties within the range studied.
• The RF power shows a positive correlation with the deposition rate, thickness non-uniformity and a negative one with the refractive index; that means that R and δd increase and n decreases with increasing power. The increase of the deposition rate at higher RF power, while the partial pressure for both, silane and nitrous oxide, is kept constant, can be attributed to the increase of the concentration of the active reaction species and the plasma density with the power. The observed decrease of the refractive index at higher power can be understood when the dissociation efficiencies of both gases are taken into account. It is well known that silane has higher dissociation efficiency than nitrous oxide [22] resulting in an domination of silane radicals at low power. By increasing the power, the relative concentration of oxygen radicals increases (see step 1) leading to a decrease of the refractive index.
• The chamber pressure shows a negative correlation with the refractive index and the thickness non-uniformity and a positive correlation with the deposition rate. At higher total pressure, the discharge voltage increases, making it difficult to start the plasma, since the impedance between the parallel plates decreases due to the higher gas concentration [23] . This results in a material with low density or a low refractive index with increasing pressure. On the other hand, the residence time increases by increasing the total pressure. This explains the increase in the deposition rate with increasing total pressure.
• Both refractive index and deposition rate increase with increasing total gas flow. It is clear that the residence time decreases by increasing the total gas flow. Since the silane has higher dissociation efficiency than nitrous oxide, this leads to domination of silane radicals that increase the refractive index. The discharge is sustained by electrons making ionizing collisions in the gas [23] . The number of ionizing collisions will increase with increasing gas density (total gas flow) leading to increase of the deposition rate.
• The substrate temperature, studied in the range 300 to 400°C with a gas flow ratio (N 2 O/SiH 4 = 54) shows only a weak influence on the layer properties. This could be expected as the mean electron energy or electron temperature is much higher than the substrate temperature [20] . Our results confirm that in the experimental regime under investigation the electron-impact ionization and dissociation (Eqs. (1) and (2)) is independent of the substrate temperature. • The gas flow ratio (N 2 O/SiH 4 ) correlates negatively with the refractive index and thickness non-uniformity and positively with the deposition rate. When the N 2 O/SiH 4 flow ratio increases, the excited oxygen atom density increases too, leading to increasing disiloxane compared to the SiH 2 and SiH 3 precursors. As a result the formation of Si-O becomes favored leading to a layer composition close to SiO 2 (step 2). When the N 2 O/SiH 4 flow ratio decreases, the incorporation of nitrogen and silicon in the form of Si-H, Si-N, N-H and Si-Si becomes more probable, leading, as expected, to an increasing refractive index. The increase of the deposition rate with increasing N 2 O/SiH 4 flow ratio is expected, as we suppose that our deposition conditions give rise to a complete dissociation of the silane and that the process is limited by the nitrous oxide concentration.
Based on the correlation analysis, the optimal deposition conditions were selected to be: RF power 20 W, chamber pressure 140 Pa, total gas flow 2500 sccm and deposition temperature 350°C. Since the N 2 O/SiH 4 gas flow ratio does not influence the thickness non-uniformity significantly but has a large impact on the refractive index, this input parameter will be varied in order to study the properties of silicon oxynitride films with different composition in more detail.
Properties of optimized SiON layers
In this section we will show detailed results on the compositional and optical properties of various SiO x N y :H layer deposited under optimized processing conditions. The basic properties (optical constants, deposition rate and thickness uniformity) of five sets of layers (S1 to S5) that have been prepared by varying the N 2 O/ SiH 4 input ratio are shown in Table 4 . As can be seen, high quality SiO x N y :H layers could be obtained for a wide range of index of refraction with sufficiently high deposition rate and excellent uniformity.
The atomic ratios of Si, O and N in the layers were determined by XPS from the corrected areas of the Si 2p, N 1s, and O 1s peaks. Table 5 summarizes the binding energies of the photoelectron peaks and the atomic concentrations ratio of the deposited SiO x N y :H layers. The relative concentrations were determined to an accuracy of ∼ 10% for silicon, oxygen and nitrogen with a detection limit of ∼0.1 atom%. It can be seen from Tables 4 and 5 that with an increase in the refractive index (decrease of the N 2 O/SiH 4 flow ratio) the nitrogen and the silicon content increased.
From the valences of silicon (+ 4), oxygen (− 2) and nitrogen (− 3), a stoichiometric composition of silicon oxynitride can be predicted, under the assumption that the sum of the positive valences must be equal to that of the negative ones and the sum of all atomic concentrations (Si, N and O) in the layer must be equal to 100. This can be represented by the following equations:
where X Si , X O and X N represent the atomic percentages of silicon, oxygen and nitrogen in the silicon oxynitride layer, respectively. With the aid of Eqs. (4) and (5) it is possible to derive the silicon and oxygen atomic percentages from the nitrogen atomic percentage according to the following equations:
With these equations the silicon or oxygen atomic percentage can now be plotted as a function of the nitrogen atomic percentage for stoichiometric silicon oxynitride as shown in Fig. 1(a) and (b) respectively. For comparison we include also the experimental data points determined by XPS for our 5 layers.
Layers with low nitrogen concentration (lower refractive index, high N 2 O/SiH 4 flow ratio) show good agreement between XPS data and the stoichiometric model. Higher refractive index layers with N 2 O/SiH 4 b 20 deviate increasingly from the stoichiometry. This deviation can be attributed to the formation of silicon rich-silicon oxynitride (step 2). For a quantitative analysis of the Si-Si bonds in the layers, a deconvolution of the Si 2p XPS spectra was performed, see Table 6 . Clearly the position of the Si 2p (SiO x N y ) peak varies from 103.2 eV (sample S1) to 102.3 eV (sample 5). It is well known that the binding energy of Si 2p in the pure silicon is 99.3 eV [24, 25] . However this energy is shifted when silicon is bonded with other elements. For Si 3 N 4 the Si 2p peak position is at 102 eV (a shift of 2.7 eV from silicon) and for SiO 2 at 103.3 eV (a shift of 4.0 eV) [25] . For SiO x N y the Si 2p peak can be expected to have a position between 102 eV and 103.3 eV, the actual position being dependent on the x and y values of the SiO x N y compound. The larger the y is, the closer it is to 102 eV, which is in agreement with our calculated empirical formulas of the studied samples ( Table 5 ). The Si 2p peaks of sample S1 and S2 are well fitted with one Gaussian-Lorentzian shaped peak, while other samples (S3, S4 and S5) needed two GaussianLorentzian peaks for fitting ( Fig. 2(a) and (b) ). The additional Table 6 Results of the Si 2p peak fitting with relative binding energies (BE), the full width at half maximum (FWHM) and the corrected Si atomic concentration ratio of the 5 different SiO x N y :H layers studied peaks at 99.4, 99.5 and 99.8 eV were attributed to excess silicon (≡Si−Si≡) in sample S3, S4 and S5 respectively. FTIR-spectroscopy has been performed on layers with the same composition as given in Table 5 (S1 to S5) to obtain direct information about compositional and vibrational properties of the deposited layers. The FTIR absorption spectra of the layers are shown in Fig. 3 . The dominant feature in these spectra is a broad Si-O stretching mode, which occurs at slightly decreasing position (1054, 1046, 1044, 1040 and 1038 cm − 1 ) with an increasing refractive index in the film from samples S1
to S5. The shift in position to higher energy with increasing oxygen content can be attributed to the increase of the electronegativity in the neighborhood of these bonds [6] . The increase in the peak width with the refractive index can be explained by the appearance of Si-N stretching bonds at 870 cm − 1 at increasing nitrogen content. The absorption peak at around 820 cm − 1 in sample S1 is due to the Si-O bending mode. It is due to the excess amount of oxygen in this low index layer that makes the occurrence of Si-O bonds in two different forms (stretching and bending) more probable.
The absorption due to N-H stretching modes in the regions 3300-3400 cm − 1 and that due to Si-H stretching modes in the regions 2150-2300 cm − 1 are observed in all samples (S1 to S5). The vibrational overtones of these bonds are well known for their contribution to optical loss at the third telecommunication window around 1550 nm wavelength. It is therefore important to quantify the atomic concentration of hydrogen connected with the N-H and Si-H bonds in the layers.
Like others [26, 27] we assume that the presence of N-N, O-O, H-H and N-O bonds in SiON can be excluded due to the high bond strength in N 2 , O 2 , H 2 and NO molecules, respectively. Also our XPS studies have shown no evidence for N-N and N-O bonds in the layers. Deconvolution of N 1s XPS spectra obtained for sample S1 and S5 have shown the presence of two nitrogen peaks (Fig. 4) . The peaks at 397.7 and 397.2 eV have been attributed to N(−Si) 3 and those at 398.6 and 398.1 to Si-N(−H) 2 for sample S1 and sample S5 respectively [28] . Therefore only Si-centred structures need to be considered. Consequently, taking into account the valences for Si, N, O, and H the atomic and bond concentrations are related by the following equations [29] :
O-H vibrations (∼ 3500 cm − 1 ) were not detected by the FTIR; therefore the total hydrogen content according to Eq. (8) can be described in the following way:
The N-H and Si-H bonds concentrations were determined from the FTIR measurements for all SiO x N y :H layers (S1 to S5) by using the method of Lanford and Rand [12] with the aid of the following expression
where σ X−H is the absorption cross-sections for N-H and Si-H bonds, a(ω)dω is the normalized absorption band area and a ¼ Fig. 5 . It appears that the total hydrogen content in the layers increases with increasing n and decreasing gas flow ratio (N 2 O/SiH 4 ). Except for layers S1 and S2, the bonded hydrogen in SiO x N y :H is dominant in the form of Si-H bonds, which is in line with the PECVD process mechanisms (step 2).
It can be clearly seen in Fig. 5 that the number of N-H bonds in the layers increases from layer S1 to S2 and decreases at larger n, while the nitrogen concentration is still increasing. We attribute this to the increase of Si-N bonds concentration as the gas flow ratio (N 2 O/SiH 4 ) decreases. In the case of sample S1 and S2 there are sufficient oxygen radicals in the plasma and Si is preferably bonded as Si-O rather than Si-N (step 2), hence most of the nitrogen is bonded as N-H. When the gas flow ratio (N 2 O/SiH 4 ) decreases the oxygen radicals in the reaction decreases too. The formation of Si-N (470 kJ/mol) will become more preferable over N-H (339 kJ/mol) in the gas phase (Table 2) . On the other hand, N-H and Si-H bonds may react on the surface to form Si-N (Eq. (3)).
The most important parameter for integrated optics application is the optical loss (α). In addition, loss measurements are very sensitive to the presence of hydrogen and excess silicon. The loss of PECVD SiO x N y :H (S1 to S5) slab-type waveguides structure has been determined by using a moving prism in/out-coupling technique. The measurements were performed on the fundamental TE modes at two wavelengths, 632.8 and 1550 nm. The measurement results are given in Table 7 . It appears that the optical loss increases for both wavelengths with decreasing gas flow ratio (N 2 O/SiH 4 ). The increase of the optical loss at 632.8 nm can be attributed to the increase in silicon content beyond stoichiometry and therefore increasing concentration of Si-Si bonds. These losses at visible light can be reduced by adding NH 3 to the (N 2 O + SiH 4 /N 2 ) gas mixture. In this way the probability of Si-Si bonds formation is reduced since Si is more likely to be bonded to nitrogen than to silicon. Layers with a composition similar to S3, S4 and S5 have been prepared with the addition of NH 3 as process gas and losses below 0.2 dB/cm could be measured indicating the absence of excess silicon.
The optical loss at 1550 nm increases steadily with the hydrogen content. This is the well known effect of the first and the second overtones of the N-H and Si-H frequencies respectively. By a post deposition thermal treatment [2, 4, 5, 8, 10 ] the hydrogen can be removed and the losses at 1550 nm can be reduced to below 0.2 dB/cm. Recent experiments on phosphorus doping of SiON layers show that a significant reduction can be obtained in the hydrogen bonds concentration as well as the optical loss at 1550 nm, when compared to the undoped samples [9] .
Conclusions
The optical properties of SiON layers were found to depend largely on the deposition parameters, especially on the N 2 O/SiH 4 gas flow ratio. The concentrations of the PECVD SiO x N y :H layers deposited with high N 2 O/SiH 4 flow ratio (N 20) can be described with the SiO x N y stoichiometric model. The deviation from the stoichiometric composition at lower N 2 O/SiH 4 gas flow ratio is due to the formation of silicon rich silicon oxynitride. An increase of silicon content in the layers is accompanied by an increase in the number of Si-H bonds. The excess of silicon and the hydrogen content are responsible for raising the optical losses in the layers at wavelengths of 632.8 and 1550 nm, respectively. Both silicon and hydrogen increase with decreasing N 2 O/SiH 4 gas flow ratio.
